Harnessing pluripotent stem cells for functional regeneration of various solid tissues, for modeling of disease, or for drug testing and development has been hampered by a poor understanding of the microenvironmental factors that direct stem cell fate. Unlike bone marrow reconstitution with hematopoietic stem cells, which has succeeded for decades in the clinic, implantation of embryonic or induced pluripotent stem (iPS) cells is not clinically tenable because it causes teratomas-tumor tissues resembling more than one germ layer (1, 2) ; lineage differentiation before transplantation is currently believed to be necessary for therapeutic applications. In vitro, incomplete differentiation and complex (and potentially expensive) differentiation protocols have prevented human embryonic stem cells and iPS cells [collectively referred to as human pluripotent stem cells (hPSCs)] from reaching their full potential for both pharmaceutical applications and basic and translational research. There is clearly an urgent need for the development of simple, reproducible, and scalable technologies that enhance hPSC differentiation along specific and well-defined pathways. In PNAS, Wrighton et al. (3) begin to unravel the many signaling pathways that drive hPSCs into the three primary germ layers. Remarkably, simple differences in insoluble cues are shown to drive cells toward an ectodermal or mesendodermal fate in a context-specific soluble milieu. They identify the balance between protein kinase B (Akt)/integrin-linked kinase (ILK) and Smad pathways as being the downstream determinant of cell fate (Fig. 1A) .
Traditional protocols for hPSC culture and differentiation have relied on ill-defined mixtures of soluble factors and extracellular matrix (ECM) proteins such as bovine serum and Matrigel, as well as the use of a feeder layer of mitotically inactivated mouse embryonic fibroblasts. These protocols and their components are highly complex. Matrigel, for example, is secreted by Engelbreth-Holm-Swarm mouse sarcoma cells and is a batch-dependent mixture of ECM proteins, growth factors, and proteoglycans, with at least 1,800 different protein components (4), as well as other bioactive molecules including carbohydrates, lipids, and nucleic acids. Nonhuman components of hPSC culture systems are problematic as they can be potential sources of pathogens and immune responses in clinical settings (5) . Additionally, as Wrighton et al. make clear, the complexity of the traditional components used to stimulate hPSC differentiation has obscured the actual simplicity of cell fate determinants and hampered reductionist insights into relationships between soluble and insoluble cues in stem cell signaling.
The work of Wrighton et al. significantly extends a milestone paper published in 2006 that described culturing self-renewing hPSCs in a defined culture medium called TeSR1 [containing the essential factors basic FGF, transforming growth factor β1 (TGFβ1), GABA, lithium chloride, and pipecolic acid] on polystyrene culture dishes with a complicated mixture of physisorbed extracellular matrix components (collagen IV, fibronectin, laminin, and vitronectin) (6). Wrighton et al. take this protocol several steps further, making use of streptavidin-coated polystyrene surfaces that readily bind biotinylated molecules, specifically glycosaminoglycan-binding peptide (GBP, previously identified by the Kiessling group as a heparin-binding peptide derived from vitronectin) (7) integrin-binding peptide). The combination of these two simple peptides tethered to the surface of the substrate, together with soluble inhibitors of Smad signaling pathways (normally activated by the TGFβ1 in TeSR1), not only supported adhesion but also promoted ectoderm differentiation as robustly as Matrigel (Fig. 1B) . Differentiation into a more mature ectodermal cell type, spinal motor neurons, was also achieved on GBP + cRGD surfaces following previously defined biochemical protocols without the need for a complex substrate composition.
The power of simple modular synthetic surfaces becomes especially clear from the results of Wrighton et al. when dealing with differentiation toward mesendoderm, the common progenitor for definitive endoderm and mesoderm. Mesendodermal differentiation requires a delicate balance of two potent signaling pathways: phosphoinositide 3-kinase (PI3K)/Akt and Activin A/Smad2,3 (8) . High PI3K/Akt signaling dampens Smad signaling, promoting self-renewal; the converse favors mesendoderm differentiation. Because integrin-mediated binding activates Akt signaling through either focal adhesion kinase (FAK) or ILK, hPSCs differentiated more efficiently toward definitive endoderm and mesoderm (in appropriate induction media) on GBP-only surfaces than on Matrigel (or GBP + cRGD surfaces) (Fig. 1B) . In other words, very limited proliferation can favor a switch to differentiation, with quiescent, lineage-restricted stem cells as potentially safe and useful intermediates. Through drug inhibition and RNA interference screens, Wrighton et al. further showed that inhibiting substrate-induced integrin signaling through ILK (as opposed to FAK) promotes activin A-induced endoderm differentiation.
Thus, a defined mixture of soluble factors combined with cell attachment to GBP with or without adhesive signaling from cRGD determines the initial phases of hPSC differentiation. The simplicity of this approach suggests new avenues to pursue in decoding relationships between insoluble and soluble signals for controlling stem cell fate. Some groups have made microarrayed libraries of polymeric materials for high-throughput characterization of stem cell behavior (9, 10); other groups have focused on arrays that mimic cell-cell and cellmatrix interactions (11, 12) and include control of matrix elasticity (13) . Although the various approaches can all potentially meet the economies of scale, combining the approach of Wrighton et al. with approaches at mimicry may prove especially helpful in elucidating the biological mechanisms that promote and maintain specific tissue lineages. Of particular interest is the finding that signaling pathways often associated with soluble factors (receptor tyrosine kinase/PI3K and TGFβ/Smad pathways) are critical mediators of insoluble cues such as ECM-derived peptides and glycosaminoglycans. This suggests the potential for soluble and insoluble cues to modify each other and is a means of adding complexity back to what is otherwise a relatively simple system. Another point of increasingly unavoidable complexity pertains to longer differentiation protocols. For example, how important are hPSCdirected or -modified signals (e.g., secreted factors and matrix proteins) that potentially convolute individual contributions of initial input signals? (Wrighton et al. hint at this in the differentiation of cardiomyocytes.) The temporal sequence of signals becomes even more involved when directed toward terminally differentiated cell types, such as functional insulin-secreting pancreatic β cells (14) or mature hepatocytes (15) .
The synergistic (or antagonistic) effects of soluble and insoluble factors are evident in many settings in the body, and not only in the socalled niche where stem cells reside (16) . The work of Wrighton et al., in addition to its practical implications for cell culture, opens the way for new studies in diverse areas of cell biology, such as mechanobiology, where opportunities abound for clarifying relationships between soluble factors, matrix biochemistry, and matrix mechanics. The derivation of nascent cardiomyocytes by Wrighton et al. seems similar in key ways to the method of Burridge et al. (17) , who used full-length vitronectin rather than the synthetic GBP fragment. However, reports that sheets of these cells detach from the ligand-functionalized polystyrene dish (17) may be a clue that mechanical factors are important in addition to matrix and soluble factors. The use of substrates softer than rigid plastic could help maintain cardiomyocyte attachment and optimize maturation as has been documented for both primary cardiomyocytes and pluripotent stem cell-derived cardiomyocytes (18) . It would not be surprising if mechanosensitive structural proteins, such as those of the cytoskeleton and nuclear membrane, could modulate this crosstalk given their known roles in the mechanical activation of latent soluble factor complexes (19, 20) and in the sequestration and nuclear shuttling of transcription factors (21, 22) .
Wrighton et al. make a significant contribution by identifying a common downstream pathway that incorporates the insoluble signals for germ layer specification, yet key mechanistic questions remain. Are other pathways also affected or do the Akt and Smad pathways supersede all others? What is the role of mechanical signals including conformational changes (23)? Additionally, the readouts for differentiation described by Wrighton et al. are far removed from the signaling inputs, suggesting that the epigenetic landscape also needs to be explored to perhaps generalize their findings. The simple modularity of their culture systems nonetheless provides an important new tool for addressing these topics and should provide important new insights into stem cell differentiation.
